Abstract-This paper presents a conception and implementation of a hybrid controller technique applied in an indirect fieldoriented (FOC) induction motor drive. The main goal is to improve the position tracking performance with a hybrid controller based on the classical proportional (P) controller and the generalized predictive control (GPC) approach. It has shown through experimental results, the effectiveness of the proposed hybrid controller. Indeed, the controller has the fast tracking capability as a P controller and the robustness as a GPC controller.
INTRODUCTION
After the 1950s, the industrial automation field has been deeply researched. The advanced of microelectronics, semiconductor techniques and electrical machines are the main reasons of this. In fact, the induction machines (IM) are widely used in this area, because its low manufacturing cost, robustness and low maintenance need. However, IM has a non-linear mathematical model, which is closely dependent on the certainty of its parameters, e.g. rotor's resistance and inductance. When the application goal is the use of this kind of machine as a high-precision servo motor drive, this issue becomes an obstacle. Therefore, some modeling techniques were designed in order to overcome this barrier.
The FOC is one of them [1] . This technique allows modeling the IM similarly as a direct current (DC) machine. The machine variables effects can be decoupled due to a proper orientation of its magnetic fields, resulting in a simple model as an independent excited DC motor [2] . Thus, classical fixed gain controllers, like P and proportionalintegral (PI), can be applied in the control loops of the IM, including the position loop. In general, there are two main performance requirements for motor drive applications: high disturbance rejection characteristics and the fast tracking of the set-point without overshoot [3] . Due to the need of highprecision applications, new approaches to obtain better results with the typical controllers are emerging.
Recently, structures mixing various types of controllers known as hybrid controllers have been proposed by several researchers in order to achieve the best performance for each strategy. In [4] , a hybrid PID controller is presented. The latter controller has the advantage of being easily tuned by a fuzzy controller, improving the system robustness. A new robust MRAC using a hybrid strategy is proposed in [5] . The implementation of a hybrid control for motor drive applications is proposed in [6] . This technique takes in count the power inverter state as a control variable in a switchingbased hybrid system (HS), which is normally neglected by the classical control approaches.
In [7] a hybrid controller for robot manipulator is obtained by using the impedance control within the position controller and a variable structure model reaching control (VSMRC) in the force loop. The study made in [8] shows a hybrid speed control of a compound DC motor mixing a fuzzy controller with a proportional-integral-derivative (PID) controller. In the same line, [9] proposes a fuzzy hybrid controller for the position and force control loops, in order to reduce the number of sensors in an eye-to-hand robotic manipulator.
The paper deals with theoretical development and practical implementation of a hybrid position controller suitable for robotic applications, i.e., the use of IMs in the joint of a robot arm as a servomotor. The proposed controller mixes the advantages of two well known control techniques: the fast tracking response of the P controller and the robustness of the GPC controller. Therefore, experimental results will be depicted in order to demonstrate the main features of the developed system, to validate the employed methodology. The paper is organized as follows. Section II describes the mathematical model of the decoupled IM, as well as the proposed hybrid controller description in subsection controllers design. Section III presents the experimental setup and results. Finally, the conclusions are given in section IV.
II. MOTOR MODEL AND PROPOSED HYBRID STRATEGY

A. Motor Model
The FOC block diagram is shown in Fig. 1 . The voltage source inverter (VSI), the space vector modulator and the control block with the position reference compose the system configuration. The SVPWM modulator converts the current control signals in the specifics switching functions for the VSI. The motor currents and the shaft position are used in its respective feedback loop. The state-space model of the induction motor in the rotating dq-reference frame is given as follows [2] : 
The electromagnetic torque T e is given by:
While expressions (3), (4), (5) give the following parameters:
In the field-oriented technique, the rotor flux linkage λ r is assumed to be always aligned with the d-axis. Thus, the rotor flux linkage and its derivative in the q-axis is zero. Then, from (1) the d-and q-stator voltage equations are given in equations (6) and (7):
The rotor flux linkage can be found from (1) and assuming that the magnetizing stator current i * ds will be kept constant, it is possible to obtain:
Then, rewriting (2) the electromagnetic torque is given by:
The variable i * qs represents the torque current command generated from the speed controller and the variable i * ds remains constant because of the fixed value of the rotor flux linkage in (8) .
The slip angular speed ω sl is necessary to calculate the rotor flux linkage angular positionθ e in the indirect FOC theory. Thus, with the equations (4) and (1), the slip angular speed is obtained:
With the value of the slip angular speed and shaft positionθ r given by the encoder, it is possible to obtain the rotor flux linkage angular position:
The equation (11) proves the indirect field-oriented control. In other words, it is possible to obtain the position of the rotor flux linkage indirectly through the position of the machine shaft and the slip angle between the stator and rotor magnetic fields.
All this steps could be better visualized in Fig. 2 , where the proposed hybrid control strategy is detailed. It could be noted that this kind of control approach is strongly dependent on the machine parameters, which may change during the motor running. Therefore, the control strategy must be robust enough against parametric uncertainties.
B. Proposed Hybrid Strategy 1) System modeling
In order to achieve a good performance from the controllers, it is necessary for the identification of the motor model. Then, it was approximated by a first-order plus time delay (FOPTD) model [10] and the chosen identification method was the Yuwana and Seborg [11] . From the step response shown Fig. 3 , it is possible to extract the parameters needed to feed the model. Step response using Yawana and Seborg'smethod.
The Table I shows the acquired parameters. 
2) Proportional and GPC-Based I+P controllers design
The step response of the obtained transfer function model (12) is used in the Ziegler-Nichols tuning method [12] . As result, it was determined the parameter Kp = 0.65477 for the position controller. The others parameters for the current and speed controllers were calculated in [13] .
The time-series model chosen for the predictive control is the Controlled Auto Regressive and Integrated Moving Average Model (CARIMA) [14] . The structure RST for the I+Pcontroller [12] was used, in order to obtain the GPCBased I+P controllers, which is presented in Fig. 4 .More details for the design and tuning method are presented in [15] . Fig. 5 shows with detail the proposed hybrid controller with fuzzy logic presented in Fig. 1 . The action of two controllers can be weighted by the fuzzy algorithm. As it can be seen, there are two outputs for the fuzzy logic block: one is directly multiplied by the P block output, and the other one is the complement of the first fuzzy output, then it is multiplied by the GPC block output. This complement is used, since the fuzzy logic typically employs values ranging from zero to one. Table II shows the fuzzy rules used for the controller. As displayed, the behavior of the weighting fuzzy action applied to the P controller and the GPC controller, changes according to the position error. For instance, when the position error is 0.55, the fuzzy action will be 0.7 and the weighting of the P and GPC controllers will be 0.7 and 0.3, respectively, as shown in Fig.6 . In order to obtain the strategy combining both controllers, three different regions are developed from the control surface, which are called NARROW, P-GPC, and BROAD, as shown in Fig.7 , where e(θ r ) is the normalized position error and μ is the membership degree. The first strategy involves a pure GPC region with little relevance relation. The output of this region aims to keep the steady-state error in a minimum value or eliminate it. The following region is the P-GPC, which produces a single output with both controllers. The purpose of this region is to smooth an eventual overshoot when the position reference suddenly is changed. The last area involves more the P action than the GPC, and it is responsible to bring the system to the reference as fast as possible.
3) Structureof hybrid controlusingfuzzy logic
III. EXPERIMENTAL SETUP AND RESULTS
A. Experimental Setup
One DSC from Texas Instruments® TMS320F28335 carries out the controller. The three-phase squirrel cage IM has four poles, 0.25HP and Y-connected windings. The specifications and parameters of the IM are given in Table III.   TABLE III The schematics and one photo of the experimental setup are shown in Fig.8 and Fig. 9 , respectively. The inverter is a 10-kVA industrial voltage-source three-phase inverter from Semikron®. The mechanical load is a DC-motor from the manufacturer PHYWE®. The DSC produces a PWM switching frequency of 10 kHz and an incremental encoder, which is coupled to the motor shaft, gives the actual position. The DSC counter is used to count the encoder pulses and convert it to radians. The sampling time is 0.1ms. The current sensors are Hall-effect current sensor from LEM®.
B. Experimental Results
In order to verify the effectiveness of the implemented control strategy, several position tests are described. Four types of reference signals were utilized: step, sinusoidal, trapezoidal and triangular. The step reference verifies the controller's performance for an abrupt change in the position reference. The sinusoidal reference verifies the controller's performance when the position changes smoothly over the time. The trapezoidal reference checks the position tracking when the position increases linearly. The triangular reference verifies the abrupt position changing, when it reaches the maximum in either positive (or negative) direction. The first result is shown in Fig. 10 , a step reference of2rads is commanded in order to visualize the performance of each membership function of Fig. 7 . In the interval [t 0 , t 1 ] the hybrid controller has the P action until the position error leaves the BROAD region. Afterwards, in [t 1 , t 2 ] the hybrid controller output is affected mainly by the P-GPC region. Finally, after t 2 the controller output is influenced by the NARROW region (GPC action), as much as the e(θ r )is zero or nearly zero. Hence, it is possible to clearly visualize in the measured result the three dynamics of the proposed controller.
The next result is the system response for a sinusoidal reference position signal, which is shown in Fig. 11 . The next result is the system response for a trapezoidal reference position signal. Fig. 12 shows the behavior of the shaft position and the currents i ds and i qs . It can be noted in all results that the current i ds remained constant in the reference value of 0.2A, proving the effectiveness of the d-axis current controller. The i ds current is responsible for the magnetization of the machine and shall not be changed during the rotation of the shaft. Another result is shown in Fig. 13 , where it is presented the system response for a triangular position reference signal. This test is similar to the result shown in Fig. 12 , however, the controller has to provide the position reference tracking without a period of constant value. The latter result presents a good position tracking performance, even with the repetitive reference changes. Indeed, the behaviors depicted in the intervals [t 0 , t 1 ] and [t 1 , t 2 ] are similar and with opposite directions, as expected.
The last result is shown in Fig. 14 . It is a comparison of step responses of each controller individually. Each technique is tested alone in the position loop in order to analyze its performance and characteristics in contrast to the others. As it can be seen, the P controller has the faster settling time, nevertheless, with overshoot. For the GPC response, it noted the typical smooth settling motion with long periods. Finally, the proposed hybrid controller shows the good characteristics of both controllers alone in one single control structure.
IV. CONCLUSION
In this paper, it was shown an overview for a hybrid position controller used in an indirect field-oriented induction motor drive. Depending on the position error, the fuzzy logic block mixes both controllers actions (P and GPC) to achieve a fast and precise position tracking, and robust performance under load torque disturbance. With the given design procedures and the acquired test results, it can verify that the proposed control method is very robust and tolerates external system's uncertainties. Furthermore, this work shows the feasibility of the given position controller for embedded motor drive system. At last, this technique has proven to fulfill the requirements for robotic applications, e.g., the motor drive located at the joint of a robotic arm.
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